Abstract-In this paper we characterize the radio frequency (RF) spectrum opportunities available in a common GSM (Global System for Mobile Communications) channel to support the operation of a cognitive radio network (CRN). In a first step, we describe the technical details involved to sample the channel using a Software Defined Radio (SDR) device. Adopting a simple Energy-based detector, we identify the two energy regions where the GSM system is active or inactive. Based on the output of the detector, we show that the distribution of the durations of busy and idle periods are approximated by geometric distributions. Finally, we validate a theoretical model for the distribution of the service time. The validation results indicate that the service time can be successfully represented by a discrete Generalized Pareto (dGP) distribution, which is confirmed by the KolmogorovSmirnov test. Because the throughput of the CRN is represented by the inverse of the service time, the proposed analysis provides an upper bound for the networks' throughput, indicating the maximum throughput that can be attained when a single SU transmits over a GSM cellular channel. The results presented in the paper are validated with real data, confirming the accuracy of the proposed service time model.
I. INTRODUCTION
In Cognitive Radio Networks (CRNs) the transmission channel is licensed to the primary users (PUs), while secondary users (SUs) only access the channel in an opportunistic way when the PUs are inactive, i.e., when the PUs do not use the channel. Because the channel is used by the SUs opportunistically, a SU transmission must be halted whenever a PU becomes active. In a scenario where a SU needs to transmit multiple packets (e.g. in a file transmission), or when a packet may be too long, the amount of time required to finish the SU's service (Service Time) depends on the number and duration of the PUs' transmissions. By definition, the service time is the interval of time from the instant when the data arrives at the head of the SU transmitting queue (e.g. a packet or a file, depending on the network stack layer), until the instant when its transmission ends. The service time is an important metric in CRNs because the maximum throughput that the secondary network may achieve is the inverse of the service time.
A few works have already characterized the service time in a theoretical way by considering the case when the SUs handoff to a different wireless transmission channel after a PU transmission [1] , or the case when the SUs wait for the PU to vacate the channel [2] . In this work we consider that SUs do not handoff to a different channel and wait for the PU to vacate the channel. The purpose of this assumption is to focus our attention in the characterization of the spectrum opportunities available on a single channel. However, we highlight that the characterization of the spectrum opportunities available on a single channel can also benefit SUs that handoff to different channels, because the information of the spectrum opportunities can be used to schedule the SUs' transmissions in order to maximize the network performance [3] .
The average packet service time of CRNs was studied in [4] and [5] without considering the role of the size of the SU's and PU's packets. In [6] the authors evaluate the average service time of delay-sensitive and delay-insensitive packets showing that the average service time of the packets transmitted by a SU not only depends on the arrival rate and size of SU's packets but also on the arrival rate and size of the PU's packets. In [7] the service time is analyzed for a single channel CRN and the analysis is extended in [8] to characterize the average service response time of elastic data (i.e. variable packet-length) when the PU activity follows an ON-OFF behavior with ON and OFF durations following exponential distributions. While the previous works only characterize the average of the service time, [9] derived expressions for the distribution of the packet service time when the SUs are traffic-saturated and fixed-length packets are transmitted. More recently, [10] proposed a theoretical characterization of the distribution of the service time when both saturated and nonsatturated traffic conditions occur, and variable-length packets are transmitted by the SUs.
Although the works in [4] - [10] propose different theoretical analysis of the SUs' service time, they rely on unvalidated initial assumptions about the statistics of the licensed radio system (e.g. the probabilities of sensing channel busy/idle periods and the distribution of its duration). Differently from the works in [4] - [10] , in this paper we use real data sampled from a GSM channel to characterize the distribution of the duration of idle and busy GSM channel periods, caused by the operation of the GSM system. Moreover, the service time is also validated with real data. We start describing the technical details involved to sample the GSM channel using a Software Defined Radio (SDR) device. The sampled data 1 was used to detect the activity of the GSM users, showing that the distribution of the duration of busy periods is approximated by a geometric distribution. The distribution of the duration of the idle periods (occurring when the channel is not used by the GSM system) is also geometric. Finally, we validate the model we have proposed in [10] for the distribution of the service time through the Kolmogorov-Smirnov test. The results presented in the paper are validated with real data, confirming the accuracy of the proposed service time model when used in GSM channels. We highlight that the proposed analysis provides an upper bound of the throughput of the CRNs when a single SU transmits over a typical GSM cellular channel. The analysis can be used to evaluate the comparative performance of a CRN, or may support efficient handoff schemes that maximize or improve the throughput of secondary users.
The rest of the paper is organized as follows. Section II introduces the experimental setup and characterizes the duration of the periods when the GSM channel is found idle or busy due to the GSM operation. Based on the statistics of the experimental data, Section III summarizes the steps involved to numerically compute the distribution of the service time. In Section IV we assess the accuracy of the numerical results by comparing them with experimental data. Finally, conclusions are drawn in Section V.
II. TESTBED AND EXPERIMENTAL DATA

A. Experimental setup
The experimental setup consisted of an Universal Software Radio Peripheral (USRP) model B100 (a Software Defined Radio (SDR) device manufactured by Ettus Research [11] ), and a Linux-based laptop running GNUradio (an open-source signal processing tool [12] ). The setup was deployed in a residential area in Lisbon city, Portugal. The SDR equipment was tuned to the downlink GSM channel 94 (identified according to the Absolute Radio-Frequency Channel Number (ARFCN) list), available on 953.8 MHz. The SDR was configured to sample the radio channel and to use the sampled data to feed a Fast Fourier Transform (FFT) algorithm in real-time. The FFT was computed for a resolution bandwidth of 4 MHz and for 128 discrete points in the frequency domain, leading to a frequency spacing of 31.25 kHz between each FFT point. The sampling rate of the SDR was set to obtain a new FFT value every 32 μs. The radio measurements took place between 7pm and 8pm, for three consecutive days. We have decided to choose this specific time interval due to the increased use of the GSM network during this period.
B. Spectrum sensing
The detection of the presence or absence of activity in the GSM channel (caused by the operation of the GSM system) was implemented through an Energy-based detector [13] . The 1 Available at http://tele1.dee.fct.unl.pt/projects/etc/GSM sample set.zip.
detector determines the amount of energy available on N S samples,
where x(i) represents the average of the amplitude of the FFT discrete points lying in the 200 kHz GSM channel band. Y is further compared with a decision threshold γ to decide if the GSM channel is being used by the GSM system. If the amount of energy is greater or equal than the energy threshold (Y ≥ γ) the GSM channel is declared busy. Otherwise, the GSM channel is declared idle and it may be used by secondary users. After evaluating the energy detector for different values of N S , we concluded that 2 sensing samples (N S = 2) are enough to select a decision threshold capable of providing an accurate decision of the current channel activity. To justify the adoption of N S = 2, Figure 1 presents the normalized histogram of the energy (Y ) collected during the experimental measurements, when N S = 2 sensing samples are considered.
As can be seen, the distribution of Y exhibits two distinct regions representing the presence or absence of activity in the GSM channel. The one on the left (until approximately -25 dBm) represents the sensing samples collected during the absence of activity in the channel, while the one on the right is due to the activity of the GSM system. From the obtained results, it is important to highlight the importance of the distance between the two regions, because the probabilities of false alarm (incorrectly deciding the presence of GSM activity when the channel is idle) and miss-detection (incorrectly deciding the absence of GSM activity when it effectively occurs) decrease as the regions become more distant. Based on the distribution presented in Figure 1 , the energy threshold adopted in the energy detector was set to γ = −27.9 dBm. 
C. Experimental data
The GSM channel may be represented by a sequence of busy (PU ON) and idle (PU OFF) periods lasting k ≥ 1 time units, as illustrated in Figure 2 (in the figure the first PU OFF period lasts k = 3 time units). Throughout the rest of the paper the term time unit will be used to denote the duration of the time period required to obtain a new decision provided by the energy detector. Since the energy detector requires N S = 2 consecutive FFTs, and a new FFT is computed every 32 μs, a time unit lasts 64 μs. During the busy period the channel is used by the GSM system. During the idle period the channel is available for opportunist access of the secondary users. The GSM channel is used by the GSM system (primary system) during μ B time units (in average), and not used during μ I time units. The first point evaluated in the experimental data was the usage rate of the GSM channel. For each time unit k, the channel was classified as being busy or idle, depending on the energy detector's output. The statistics obtained with the experimental data indicated that the GSM channel was busy during 20% of the sensed time, P B P U ≈ 0.2, and idle during approximately 80%, P I P U ≈ 0.8. Further, we characterized the duration of each idle and busy period. Figure 3 illustrates the empirical Cumulative Density Functions (CDFs) of the duration of idle and busy periods (identified in the legend by "Idleemp." and "Busy -emp.", respectively). The empirical CDFs were obtained with the experimental data. The idle periods can last longer than 350 time units, while the duration of the busy periods is almost limited to 100 time units. The average duration of the busy period is μ B ≈ 14.39 time units, while the duration of the idle period is μ I ≈ 59.10 time units. From the empirical CDFs we can observe a quantization-like effect, where the CDF value remains constant for approximately 8 time units. This is because the GSM channel maintains its state (idle or busy) during a GSM time slot, which lasts 577 μs.
Motivated by the fact that the duration of busy and idle periods are assumed to be geometrically distributed in several theoretical works (e.g. [10] ), we evaluate the accuracy of such assumption. In this way, the average duration of each period obtained with the experimental data was used to define the single parameter of the geometric distribution, i.e., p I = 1/μ I and p B = 1/μ B for idle and busy periods, respectively. The geometric CDFs are plotted in Figure 3 (identified by "Idle -approx." and "Busy -approx."). As can be observed, the geometric distributions parametrized with p I and p B are close to the distributions obtained with the experimental data. Consequently, for GSM channels the duration of idle and busy periods may be approximated by geometric distributions. Table I summarizes the configuration of the experimental setup, the parameters adopted in the energy detector, and the values observed in the analysis of the experimental data. 
III. NUMERICAL COMPUTATION OF THE SERVICE TIME
The packet service time of a secondary user may be computed if the primary users' channel occupancy statistics are known. As observed in Subsection II.C, the duration of the busy and idle periods, represented by the random variables (RVs) B and I, respectively, are distributed according to geometric distributions with parameters p B = 1/μ B and p I = 1/μ I , respectively. The probabilities of the GSM channel staying idle and busy are respectively given by P
To compute the service time we assume that a secondary user generates packets to a transmission queue according to a stochastic process that follows a Poisson distribution, with average arrival rate λ (packets/time unit). The length of the data packet is represented by the RV L, and we assume that L follows a geometric distribution with parameter p L = 1/μ L , meaning that the average packet length is μ L time units. Without loss of generality we assume that a data packet of length μ L requires μ L time units to be transmitted and, consequently, L may also represent the packet duration.
Considering that the idle and busy periods are geometrically distributed, from [10] we known that the distribution of the packet service time of the secondary user may be approximated by a discrete Generalized Pareto (dGP) distribution, with Probability Mass Function (PMF) given by
and CDF expressed by
whereF is given bȳ
and σ and ξ are respectively the scale and shape parameters. σ and ξ are the solutions of the following equation system [10]
where E [S] and Var [S] represent the expectation and variance of the service time obtained through
and
respectively. E[S 2 ] represents the second moment of S and
. In (6) and (7) Φ S represents the Characteristic Function (CF) of the service time when the secondary user always has a packet to transmit, which is given by [10] (8) where Φ L represents the CF of the packet length and Φ B represents the CF of the duration of the busy period (both given by the CF of a geometric RV). In (8) the probability that a data packet is transmitted in exactly r PU idle periods, P r I p = r is represented by [10] P r I p = r = 
IV. VALIDATION AND NUMERICAL RESULTS
This section presents a set of experimental and numerical results to validate the distribution of the packet service time for different data packet lengths transmitted by a secondary user over the GSM channel. For each packet length the Kolmogorov-Smirnov test is used to validate the proposed approximation. Furthermore, we present a set of experimental results showing that we can successfully estimate the service time using a reduced set of real-time samples of the service time.
The results were obtained considering a saturated secondary network formed by a pair of SUs (sender and receiver) that uses the GSM channel to transmit packets in an opportunistic way. The SUs are able to identify transmission opportunities through spectrum sensing, as described in Subsection II-B.
A. Validation of discrete Generalized Pareto approximation
This subsection characterizes the packet service time distribution, evaluating the assumption of being distributed according to a discrete Generalized Pareto distribution, as considered in Section III. Figure 4 illustrates the empirical CDF of the packet service time for different data packet lengths, μ L . Before discussing the comparison results, we point out that the CDFs ploted in the figure are described by discrete RVs. However, for easiness of comparison between the numerical and the experimental results, we have decided to plot the CDF of the numerical results using continuous curves. In Figure  4 the empirical CDF, denoted asF , is obtained from the experimental data as followŝ
where y i is the i-th service time value obtained from the experimental data and n is the size of the experimental service time set (that accumulates consecutive experimental service time values). For each scenario, the discrete Generalized Pareto CDF (numerically computed with (3)) is also plotted (indicated as "approx." in the figure) . The results presented in the figure show that the empirical CDF obtained with the experimental data is close to the numerical CDF, for the considered data packet lengths. Hence, it can be foreseen that the packet service time over a GSM channel follows a dGP distribution. 
B. Goodness of fit test for dGP distribution
In the previous subsection we had visually evaluated the possibility of approximating the service time of the secondary network using a discrete Generalized Pareto distribution. Now we evaluate the same assumption by the means of a goodnessof-fit statistical test: the discrete Kolmogorov-Smirnov (KS) test [14] . The KS statistic provides the maximum distance between the empirical CDF (F (x)) of the service time and the numerical one (F (x)), which is given by
where M = max 1≤i≤x y i is the highest value contained in the experimental service time set. The KS statistic value is used has follows: if KS is higher than the critical value K α we can reject the null hypothesis with a desired level of significance α; on the other hand, if KS is lower than K α we can not reject the null hypothesis with the same level of significance. In this case the null hypothesis can be expressed as H 0 : the packet service time follows a dGP distribution.
The critical value K α depends on the set size n, as well on the desired level of significance α, and it can be obtained from the Kolmogorov distribution. In this work we assume a level of significance α = 0.05 and a set size of n = 5000, resulting in a critical value of K α = 0.0192. Table II presents the KS statistic values for different packet lengths. As we can see, for all the packet lengths the KS value is smaller than the critical value, which means that our null hypothesis can not be rejected at a 0.05 level of significance.
This means that the service time of a secondary network using a GSM channel can effectively be approximated by a discrete Generalized Pareto distribution. 
C. Service time estimation
In this subsection we evaluate the possibility of estimating the service time based on real-time observations, i.e., using a set of experimental service time values already experienced by the secondary user. For each set of samples, a SU computes the average and the variance of the packet service time, which are used to compute the scale and the shape parameter of the dGP distribution through (5). Figure 5 presents the CDF of the packet service time obtained through simulation, as well as their estimates based on a set of 10 samples. For each data packet length μ L , the CDF indicated as "emp." represents the average of 1000 estimated CDFs based on real-time observations. Figure 5 shows that it is possible to approximate the service time CDF using a small set of 10 samples. We can also observe that, for larger values of data packet durations, 10 service time samples might not be enough to approximate the CDF of the packet service time with the desirable accuracy, which can be justified by the increase of the variance when higher data packet lengths are considered. To better demonstrate this effect we have characterized the estimation process for different data packet durations and different number of samples used in the estimation process. Table III compares the packet service time estimated from the experimental data with the numerical results computed with (6) (the confidence interval is shown for 95% of confidence level). The different number of samples used in the estimation process are represented in the "set size" column. The results show that the average packet service time estimated from the experimental data closely matches with the average packet service time numerically computed. Moreover, the confidence interval decreases as more samples are used in the estimation process, as expected. 
V. CONCLUSIONS
In this work we have characterized the spectrum opportunities available in a GSM channel to support the operation of a cognitive radio network. Using a software defined radio device, we implemented the spectrum sensing procedure in order to characterize the periods of time when the channel is used and not used by the GSM radio system. As a result of the channel characterization, we have shown that the distribution of the duration of idle and busy channel periods can be approximated by geometric distributions. Using the experimental data obtained with the software defined radio setup, we validated a theoretical model for the distribution of the packet service time. The validation results, including the Kolmogorov-Sminorv statistic test, have shown that the packet service time can be successfully represented by a discrete Generalized Pareto distribution. Additionally, we have shown that the distribution of the service time can be estimated in real-time by only using a small set of the last service time values experienced by a secondary user. In this way the service time can be accurately estimated in a short period of time, highlighting the practical drive of our work.
